We used a 1 H NMR-based metabonomics approach to examine the physiological effects of the seaweed Ascophyllum nodosum in a mammalian model, assess the dosage level required to elicit a response in the urinary profile, and identify potential toxic effects. Male Sprague-Dawley rats (n = 6/group) were fed a control or 5, 10, or 15% freeze-dried, ground A.
Introduction
Of the 3.5 billion kg of seaweed harvested for commercial use yearly, 2 billion kg is for human consumption, and most of that is used in the Far East (1) . Even though dietary consumption of seaweed in Western countries is gaining popularity, its primary use remains the production of hydrocolloids such as alginate, agar, and carrageenan, which find applications in various industries (2) . Numerous bioactive components have been identified in seaweeds over the past 3 decades. These include a structurally diverse set of natural products, such as carotenoids, terpenoids, polyphenols, sulfated polysaccharides, peptides, and fiber that exhibit a range of biological properties, including antibiotic, antiinflammatory, antioxidant, cytotoxic, and antitumor activities (2) (3) (4) (5) .
Ascophyllum nodosum is an edible brown seaweed abundant along the Atlantic coastline of Canada. It is a commercially important source of alginate, fertilizer, and seaweed meal products for human and animal consumption (6) . Chemical and nutritional analyses indicate that it contains mannitol; fiber components such as laminaran and fucoidan; polyphenolic compounds formed by polymerization of phloroglucinol units and with molecular weights from ,1 to 100 kDa; vitamins such as thiamin, folic acid, and vitamin C; and amino acids and minerals such as sodium, potassium, calcium, iron, and iodine (7) (8) (9) . Supplementing the diet of cattle with A. nodosum resulted in enhanced animal health and meat quality, improved immune cell function, and increased circulating antioxidant levels (8) . Even though direct human consumption of the seaweed is limited, it is a constituent of health food tablets (10) .
Instead of measuring specific biomarkers, as is the classical approach, a metabonomic strategy was employed to explore the complexity of the metabolic response to a chemically diverse dietary ingredient such as A. nodosum. Metabonomics has found widespread use in pharmacology and toxicology but remains relatively new in nutrition research (11) . The approach is defined as "the quantitative measurement of the multiparametric metabolic response in a living system to pathophysiological stimuli or genetic modification" (12) . It provides information on in vivo multi-organ responses in real time (12) and in response to nutritional interventions (13) (14) (15) . One-and 2-dimensional NMR spectroscopy, GC-MS, and HPLC are analytical methods used to profile urine, serum, and tissues. NMR has the advantages of being relatively inexpensive, nondestructive, and applicable to intact biomaterials with minimal sample preparation required and the ability to simultaneously detect hundreds of metabolites (metabolome) of varying molecular weights (12, 16) . Multivariate statistical analysis of the data facilitates the isolation of metabolites influenced by the nutritional intervention (13) . The current study utilized a nontargeted 1 H NMR-based metabonomic approach to first investigate the physiological effects of a diet containing A. nodosum, second, to assess the dosage level that can be administered to elicit a response in the urinary profile, and third, to identify potential toxic effects of the seaweed. The information obtained could be of use in future targeted studies. A similar approach has been used to unravel new physiological effects of foods, dietary ingredients, and phytochemicals such as whole-grain flour (13), green and black teas (14) , chamomile (17) , and polyphenols (15, (18) (19) (20) on the metabolite profiles of urine and plasma in rats and humans.
Materials and Methods
Preparation of the seaweed. A. nodosum, in its vegetative state, was collected from the National Research Council of Canada-Institute for Marine Biosciences (NRC-IMB), 7 Marine Research Station (Ketch Harbor, NS, Canada), in July 2005. The seaweed was washed with distilled water, drained, and frozen at 2808C before being freeze-dried and ground to a powder. It was stored at 2808C until incorporation into the diet.
Dosing and sample collection. Animal maintenance and experimental treatment were conducted in accordance with the Canadian Council of Animal Care guidelines and approved by the University of Prince Edward Island Animal Care Committee. Twenty-four male SpragueDawley rats (Charles River Labs) weighing 135-154 g were used in this study. To eliminate variation due to individual dietary behavior, all rats were meal trained and pair fed with an isocaloric, isonitrogenous AIN-93G diet (21) prepared at the University of Prince Edward Island. Water was consumed ad libitum. Initially, the rats were housed in individual cages and meal training commenced 1 wk prior to the experimental diet. During this period, the rats were fed for 4 h each day at the beginning of the 12-h dark period. Pair feeding commenced on d 4; each pair-fed group included 1 rat from each diet group. On d 7, the rats were transferred and allowed to acclimatize in metabolic cages for 24 h. The room temperature was maintained at 22 6 18C, the relative humidity at 55 6 10%, and the light cycle consisted of 12 h of light and 12 h of dark. Throughout the study, the control group (n = 6) received the AIN-93G diet. After the acclimatization period, the remaining rats were randomized into 3 groups of 6 and fed isocaloric, isonitrogenous diets containing 5, 10, or 15% (wt:wt) freeze-dried, ground A. nodosum. This was achieved by adjusting the cellulose content in the diet. The cellulose: seaweed ratio in control and 5, 10, and 15% A. nodosum diets was 150:0, 100:50, 50:100, and 0:150 g/kg diet, respectively. Fat content (70 g/kg diet) for all 4 diets was the same. Identical amounts of mineral (AIN-93G-MX, 35 g/kg diet) and vitamin (AIN-93-VX, 10 g/kg diet) mixes were added to each diet. Urine samples were collected from each rat during the 24-h acclimatization period at the beginning of the first week and at the end of wk 4 at 0-4, 4-8, and 8-24 h after being fed. Sodium azide (1%, wt:v) was added to the urine samples at the time of collection to minimize bacterial contamination and samples were stored at 2808C pending 1 H NMR analysis. Food intake was monitored throughout the study and body weights were determined once per week. At the end of the study, the rats were anesthetized with 65 mg/kg euthanyl (sodium pentobarbital) then killed by exsanguination. The blood was allowed to clot at room temperature for 1 h and then centrifuged at 2500 3 g; 10 min. Serum samples were stored at 2808C prior to 1 H NMR analysis. Liver damage was assessed by analyzing a combined serum sample from each group for alanine transaminase (ALT) and aspartate transaminase (AST) using commercially available kits (ALT-SL and AST-SL assays; Diagnostics Chemicals).
1
H NMR spectroscopic analysis. All samples were thawed at room temperature before analysis. Urine samples (400 mL) were added to 0.2 mol/L sodium phosphate buffer (200 mL, pH 7.4) in a polypropylene microcentrifuge tube. Samples were left to stand for 10 min then centrifuged at 11,000 3 g; 10 min to remove any precipitates. Buffered urine (500 mL) was added to (3-trimethylsilyl)propionic- 15 N) microliter probe with z-gradient for the serum analysis. In all cases, a standard 908 pulse sequence was used with a relaxation delay of 2 s, during which the water resonance was selectively irradiated. Each spectrum was acquired with 128 scans collected into 32K data points using a spectral width of 15 ppm and an acquisition time of 2.18 s. Datasets were zero-filled to 64 k and exponential line broadenings of 0.3 and 1 Hz were applied to the FID of the urine and serum samples, respectively, prior to Fourier transformation. The spectra were corrected for phase and baseline distortions using XWINNMR (version 2.6, Bruker Analytische). Urine samples were calibrated to TSP (d 0.0) and serum samples to lactate (d 1.33). In preparation for 1 H NMR analysis, mannitol (25 mg) was dissolved in 0.2 mol/L sodium phosphate buffer (500 mL, pH 7.4) and TSP in D 2 O (50 mL) was added. Assignment of metabolite resonances was accomplished by comparison with published data (22, 23) and using Chenomx NMR suite (version 4.6 Professional, Chenomx).
Data processing and statistical analyses. For urine and serum samples, the spectral region d 0.2-10.0 was reduced to 245 integrated regions of 0.04 ppm width, using AMIX (version 3.6.8, Analysis of MIXtures, Bruker). The region d 4.5-6.0 was excluded prior to the statistical analyses to remove variations in the presaturation of the water resonance and cross-relaxation alterations of the urea signal (due to solvent exchanging protons). Each spectral dataset was then normalized to the total sum of the integrals to compensate for concentration differences between individual samples. Datasets were exported to the SIMCA-P software (version 10.5, Umetrics) and mean-centered before principal component analysis (PCA), which was employed to reduce the dimensionality in the data and graphically display intersample and intervariable relationships in the data (24) . Models were constructed using all the samples and predictions were within the 95% CI. Score plots provide a graphical depiction of groups, trends, and outliers in the observations (spectra). Loading plots indicate the magnitude and manner in which the measured variables (metabolites) are responsible for separation in the score plots (24) . Spectra from samples that mapped separately from the main cluster in the score plot of principal component (PC)1 compared with PC2 or that showed a large distance to model in the outlier diagnostics plot were examined to ensure that they were indeed atypical to the normal population before being removed. The mean centered data were also analyzed by partial least squares for discriminate analysis (PLS-DA), a pattern recognition method that discriminates between samples on the basis of class membership. The quality of the PLS-DA models was evaluated by the goodness-of-fit parameter, R eters are calculated by a 7-round internal cross validation of the data and values $0.5 indicate good quality of the model (24) . Food intake, weight gain, and urine output values are given as means 6 SEM. Statistical analyses were performed using two way ANOVA (SPSS software, version 11). Serum enzyme concentrations were evaluated using the t test. Values of P , 0.05 were considered significant.
Results
Food intake, weight gain, and serum enzyme levels. Rats in all groups consumed their diet within the 4-h feeding period.
For the duration of the study, food intake, weight gain, and urinary output at the end of wk 4 did not differ significantly between control and A. nodosum-fed rats. As expected, food intake within a group varied over the course of the study. Levels of ALT and AST in serum did not differ among the groups at the end of the study ( Table 1) .
Metabolic variability in control urine samples. Visual comparison of 1 H NMR spectra of urine samples obtained from control rats revealed differences in the biochemical profiles associated with the week of the study the collections were conducted (wk 1 compared with 4) and the time of collection over a 24-h period (Supplemental Figs. 1 and 2) . PCA of the spectral data of urine samples from control rats showed that PC1 described metabolic variations relating to the week urine samples were collected, i.e. wk 1 compared with 4 ( Fig. 1) . Separation in PC2 was associated with diurnal variation; urine samples collected 0-4 h and 4-8 h after feeding clustered together. The first 2 PC accounted for 57% of the variance in the data. Examination of the loading plot (Supplemental Fig. 3 ) revealed that the main variables responsible for clustering were associated with citrate, 2-oxoglutarate, tartaric acid, taurine, creatinine, acetate, succinate, and carbohydrates. Urine samples collected at the end of wk 4 contained higher concentrations of taurine, creatinine, and acetate and lower concentrations of citrate, 2-oxoglutarate (2-OG), and tartaric acid compared with those collected during the first week ( Table 2) . Inspection of the loading plot (Supplemental Fig. 3 ) and the 1 H NMR spectra revealed that the diurnal separation was attributed to lower concentrations of tartaric acid and taurine and higher concentrations of citrate, 2-OG, succinate, acetate, creatine, dimethylamine (DMA), and trimethylamine (TMA) in the 8-24 h samples. Diurnal differences and those related to the week of study in which the urine samples were collected are summarized in Table 2 .
Metabolic effects of A. nodosum supplementation. Analysis of the 1 H NMR spectra acquired for urine samples collected from control and A. nodosum-fed rats during wk 4 of the study revealed diet-related differences in the metabolite profiles (Fig.  2) . To eliminate the influence of diurnal variation from subsequent PCA models, the dataset was subdivided, with the 1 H NMR spectra of urine samples collected 0-4 and 4-8 h after feeding being combined. For both the 0-8 h and 8-24 h urine samples, the PCA score plots showed clustering in relation to the diet consumed (Fig. 3) . In the plot of PC1 compared with PC2 for urine samples collected up to 8 h after feeding, PC1 described the diet-related separation and accounted for 42% of the variance in the dataset (Fig. 3A) . For the 8-24 h samples, the plot PC2 compared with PC3 showed diet-related separation (Fig.  3B ) and accounted for 38% variation; PC1 accounted for intersample variation (data not shown). The fact that a lower PC accounted for the biochemical differences in the 8-24 h group suggests that the effect of the diet was less pronounced after 8 h of consumption. Examination of the corresponding loading plots for both groups (Supplemental Fig. 4 ), together with the 1 H NMR spectra, indicated that the discriminating metabolites in the 0-8 and 8-24 h groups were similar. Separation was attributed primarily to increased urinary excretion of citrate, 2-OG, succinate, TMA, and TMA-N-oxide (TMAO) and decreased excretion of taurine, creatinine, and acetate in the A. nodosum-fed rats. The magnitude of the contribution of acetate to separation between controls and seaweed-fed rats in the loadings was greater in urine samples collected 8-24 h after feeding than in those collected 0-8 h. Seaweed-fed rats also excreted higher concentrations of malonate, but the magnitude of this metabolite's contribution to the loadings on the first 2 PC was smaller than that of citrate, 2-OG, and succinate (Supple- 1 Values are means 6 SEM, n = 6. 2 Measured during a 24-h period at the end of wk 4, n = 6. 3 Measurement done on a combined serum sample collected at the end of wk 4, n = 6. . Signals attributed to mannitol were identified in the 1 H NMR spectra of urine samples collected 8-24 h after feeding seaweed to the rats (Supplemental Fig. 5) .
The overlap observed between urine samples from the 5, 10, and 15% A. nodosum groups in the score plots suggested that response to the seaweed was not proportional to the amount in the diet. A PCA model using only the spectral data from the 3 seaweed treatments (Fig. 4A) did not show separation related to the percentage of A. nodosum in the diet. PC1, which accounted for 29% of the variance, described diurnal variation. Individual PCA models were also generated using the spectral data of controls and samples from each A. nodosum treatment group (Fig. 4B-D) . The score plot for the 5% group showed that dietary separation was accounted for by PC2 and PC1 described diurnal variation. For the 10 and 15% treatments, dietary separation was described by PC1. These observations suggest a slightly less marked response to the seaweed at lower levels (i.e. 5%).
PLS-DA showed poor predictability (Q 2 , 0.5) and did not identify new discriminating metabolites between the groups. 3 Comparison between urine samples from control rats. 4 Includes responses of rats on 5, 10 and 15% A. nodosum diets.
FIGURE 2 The 500-MHz 1 H NMR spectra of urine samples collected at the end of the 4-h feeding period from control and A. nodosum-fed Sprague-Dawley rats during wk 4 of the study.
Furthermore, PLS-DA models constructed to specifically investigate influences of dietary polyphenol metabolism on the aromatic spectral region d 6.0-10.0 did not show clear-cut clustering of the urine samples on the basis of diet (Supplemental Fig. 6) .
The 1 H NMR spectrum of a typical serum sample obtained from a control Sprague-Dawley rat is illustrated in Supplemental Figure 7 . Visual inspection of the 1 H NMR profiles of serum collected from control and A. nodosum-fed rats did not show obvious differences. No diet-related separation was observed in the plot of PC1 compared with PC2 (Supplemental Fig. 8 ) or in the plots of lower PC.
Discussion
Metabolic differences related to week of study. Urine samples collected from control rats during wk 4 of the study had higher concentrations of taurine, creatinine, and acetate than the urine samples collected in wk 1. Taurine concentration in the body is regulated by the kidneys (25) and its excretion is affected by age and diet (26) . Urinary increases in creatinine have been correlated to increased muscle mass and increased glomerular filtration (26) . Concentrations of citrate, 2-OG, and tartaric acid also changed as the rats aged, decreasing from wk 1 to 4. Citrate and 2-OG are intermediates in the tricarboxylic acid (TCA) cycle (26) . Differences in the levels of intracellular electrolytes and, by extension, the pH that are associated with aging could account for lower citrate and 2-OG concentrations in the wk 4 samples. The patterns in this study were in agreement with those previously reported (26) (27) (28) and reemphasize the necessity of having age-matched controls in metabonomics studies.
Diurnal metabolic differences. The metabonomic approach employed allowed for comparison of rat urine samples collected during the periods of high (0-4 and 4-8 h after feeding) and low (8-24 h after feeding) metabolic activity. Excretion of citrate, 2-OG, succinate, acetate, creatine, DMA, and TMA increased during the 8-24 h period after feeding, whereas excretion of taurine and tartaric acid decreased. Rats are nocturnal and previous studies have reported differences in urinary metabolites in response to diurnal variation (13, 29, 30) . On this basis, spectral data were separated into 2 groups, 0-8 h and 8-24 h, before further multivariate data analyses were conducted.
Diet-induced metabolic differences. Rats consuming A. nodosum excreted elevated concentrations of urinary citrate, 2-OG, and succinate up to 24 h after feeding. This suggests that the seaweed primarily affected metabolites associated with the TCA cycle, a key pathway in the metabolism of carbohydrates, fats, and proteins for the production of energy in the body. Nutritional analyses indicate that, like many other types of seaweed, A. nodosum is high in minerals, including potassium, magnesium, and calcium (9) . Regulation of the TCA cycle is influenced by calcium and magnesium levels (31); thus, seaweed consumption may have increased the rate of production of these TCA intermediates. Another possibility is that seaweed consumption affected the acid-base homeostasis and decreased reabsorption of the TCA metabolites in the kidneys. The high potassium content of some foods is thought to increase the alkaline load in humans and inhibit tubular reabsorption of citrate (32) . In addition, the role of magnesium in regulating citrate has been investigated; i.m. injections of magnesium sulfate reduced tubular reabsorption of citrate and increased urinary citrate excretion (33) . Citrate excretion in humans is affected not only by alterations in the acid-base balance but also diet, hormones, vitamin D, calcium, and renal metabolites (34) . Increasing urinary excretion of citrate is essential in preventing the formation of kidney stones. A previous study investigated the use of lemonade to increase urinary citrate levels in patients with recurrent kidney stone formation in hopes of finding an alternative to potassium citrate therapy (32) . Because urinary concentration of citrate increased after consumption of A. nodosum, even when incorporation was only 5%, it is possible that with further research A. nodosum could be used in similar applications for patients with recurrent kidney stone formation.
Consumption of A. nodosum also resulted in increased urinary excretion of TMA and TMAO. Experiments show that germfree mice do not excrete TMA or TMAO, indicating that methylamines are direct products of gut microflora metabolism (35) . Red, green, and brown seaweeds contain TMA and other methylamines (36) . However, it is unlikely that the seaweed contained excessive levels of TMA, because its disagreeable odor deters feeding (37) . It is more feasible that the urinary TMA is a result of ingestion of dietary precursors. A. nodosum contains several quaternary ammonium compounds such as choline (38) , betaine, and laminine (39) that could act as precursors to TMA. Metabolic studies with healthy rats showed that even though the capacity for TMA oxidation is very high,~10% of the TMA produced in the gut is excreted intact in the urine (40) . The presence of free choline and betaine in A. nodosum is of nutritional importance, because these compounds are readily bioavailable and function as osmolytes, methyl group donors, and lipotropes, thus maintaining heart, liver, and kidney health (41) . Choline and betaine content in the dried A. nodosum is 0.09-0.32% and 0.04-0.12%, respectively (38, 42) .
The possibility that A. nodosum might affect gut microflora metabolism is consistent with the presence of nondigestible carbohydrates. The seaweed consists of 48-52% nonstarch polysaccharides such as alginate, fucoidan, and laminaran (7, 9, 43) . As shown with macroalgae, nondigestible carbohydrates are fermented in the gut to produce short-chain fatty acids (SCFA), which have beneficial effects on gut health and function (43) . In in vitro fermentations by mixed populations of intestinal bacteria,~90% of the laminaran and~50% of the alginate was susceptible to degradation after 24-h incubation, whereas fucoidan was resistant (43) . Increased excretion of SCFA was not observed in the 1 H NMR profiles of urine from A. nodosumfed rats in this study, implying that the seaweed matrix affected the fermentation process of these compounds. Degradation products of laminaran promoted the growth of cecal Bifidobacteria in rats (44) . Furthermore, whole dried A. nodosum depressed the growth of Escherichia coli, streptococci, lactobacilli, and total anaerobes in in vitro simulations of pig small intestine and the production of SCFA in simulations of cecal fermentation (45) . These findings indicate matrix effects on the fermentation of seaweed fiber components and may account for the decreased urinary acetate concentration in the A. nodosumfed rats, which was more pronounced 8-24 h after feeding.
In this study, mannitol was one of the descriptors responsible for differentiating between urine samples of seaweed-fed and control rats 8-24 h after feeding. A. nodosum contains 8-10% mannitol (7) . Although the mannitol in the urine samples was not quantitated, it is reasonable to expect that the administration of mannitol in a complex biological matrix such as seaweed would alter its absorption, metabolism, and excretion. In a previous study, rats fed 20% mannitol excreted~2% in their urine, suggesting that mannitol is not completely reabsorbed by the kidneys (46) . These findings imply that the majority of the mannitol ingested was metabolized. Mannitol is passively absorbed from the digestive tract and thus enters the circulation at a slower rate than glucose and does not result in dramatic fluctuations in blood sugar levels (47) . Metabolism is thought to proceed via fructose, which undergoes phosphorylation, before being shunted into the glycolytic pathway. However, mannitol ingestion has the unexplained effect of increasing hepatic glycogen without altering body weight (46) . Compared with the controls, weight gained by rats on the seaweed diets did not differ. Mannitol is also susceptible to degradation by the gut microflora (48) .
Surprisingly, the typical response to ingestion of dietary polyphenolics was not observed in this study. Polyphenolics are degraded by the gut microflora to benzoate, which undergoes conjugation with glycine in the kidneys and liver and leads to increased urinary excretion of hippurate (49) . A. nodosum contains 4-6% phloroglucinol-derived polyphenolic components (phlorotannins), but the proton NMR spectral profiles of the urine did not reflect the expected chemical shifts in the aromatic region. Explanations for this may be related to bioavailability and, possibly, enzyme inhibitory activity of the phlorotannins. Bioavailability in humans was greatly reduced, with polyphenols having a high degree of polymerization, such as the proanthocyanidins (50) . It is therefore likely that the highly polymerized phlorotannins in the seaweed were not bioavailable to the rats. Alternatively, the complex seaweed matrix may have limited accessibility of the polyphenoldegrading enzymes to their substrates. Another possibility is that the phlorotannins in A. nodosum inhibited the digestive enzymes in the rats. Phlorotannins from the brown seaweed Eisenia bicyclis exhibited inhibitory activity against glycosidases from the viscera of the turban shell Turbo cornutus (51) .
The relative concentrations of urinary taurine and creatinine decreased in the A. nodosum-fed rats compared with the controls. Elevated urinary concentrations of taurine and creatinine are biomarkers of hepatoxicity (52) . Elevated serum concentrations of creatinine are indicative of impaired renal function (28) . Furthermore, ALT and AST concentrations in the serum did not differ significantly between the treatment groups. ALT and AST are enzymes found in the cytosol of the liver. Damage to the liver releases higher than normal concentrations of these enzymes in the blood and their measurement is considered to be one of the most reliable markers of hepatocellular injury and necrosis (53) . These observations suggest that the incorporation of up to 15% A. nodosum in the diet did not have a toxic effect on the rats despite the anomalous increase in urinary malonate concentrations in seaweed-fed rats. Malonate is a well-known inhibitor of succinate dehydrogenase in the TCA cycle. It is involved in fatty acid and polyketide biosyntheses and there is evidence to show that free malonate accumulates in plants (54) . Seaweed phlorotannins are end products of polyketide biosynthesis (55) .
The increased incidence of chronic diseases worldwide has fueled greater interest in examining dietary ingredients for potentially valuable roles in maintaining health. This study examined the role of whole, dried A. nodosum as a dietary ingredient. It demonstrates that incorporation of this seaweed in the diets of rats at concentrations of 5-15% resulted in differences in the metabolic processes occurring in the rats that can be observed in their urinary 1 H NMR profiles. Ingestion of the seaweed primarily increased urinary excretion of TCA cycle intermediates without producing a diuretic response. The results indicate that 15% A. nodosum could be incorporated into the diet of rats without producing toxic effects in the livers and kidneys, a finding that will be useful for other targeted studies of other seaweed species and specific components found in seaweeds such as A. nodosum. Lastly, despite limitations in compound identification, the study highlights the applicability of metabonomics techniques for evaluating the global metabolic response of an organism to a complex food such as seaweed.
